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ABSTRACT 
 
C4 grasses account for >25% of global primary productivity and dominate tropical, 
subtropical, and warm-temperate grassland ecosystems. Because of limitations of conventional 
morphological and geochemical proxies, identification of C4 grasses in the fossil record is 
difficult. Thus, testing long-standing hypothesis regarding the patterns and drivers of the origins 
and expansion of C4 grasses has not been possible. I addressed this limitation by utilizing Single 
Pollen Isotope Ratio AnaLysis (SPIRAL), a technique that reliably distinguishes C4 from C3 
grasses in the fossil record via δ13C values of individual pollen grains. Before applying the 
technique to fossil samples, I refined the original SPIRAL method by expanding its training 
dataset and developing a hierarchical Bayesian model that increases precision of C4 grass 
estimates. I applied the refined technique to samples from the Oligocene and Miocene in 
Western Europe, a region of the world with no previous documented evidence of C4 grasses, yet 
with climatic conditions similar to regions where C4 grasses are common today. In Oligocene 
samples from France, I found that >70% of total grasses were C4. During the Miocene, SPIRAL 
results show 21-71% of total grasses from a site in Spain were C4. Thus C4 grasses were present 
in Western Europe as early as the earliest Oligocene, ~14 million years earlier than previous 
isotopic evidence of the first C4 plants. The Early Oligocene was also a period with extremely 
high pCO2, suggesting the precipitous drop in pCO2 by the end of the Oligocene did not trigger 
the appearance of C4 photosynthesis. The relatively high proportion of C4 grasses during the 
early Oligocene to middle Miocene was likely facilitated by warm and dry climatic conditions. 
This interpretation is further supported by spatial variability in C4 grass abundance in Spain 
during the early to middle Miocene. C4 grasses were abundant in southern Spain during the early 
Miocene, when aridity was high, and decreased after the early-middle Miocene as the region 
became cooler and precipitation patterns more seasonal.  
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This pattern contrasts with the late-Miocene expansion of C4 grasses in many other 
regions of the world, highlighting spatial variability in the global expansion of C4 dominated 
grasslands. My results help elucidate the development of grasslands in Europe, provide 
information on the spatiotemporal dynamics of C4 grasses in earth's history, and offer insight into 
the relative drivers of C4 grass expansion.
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CHAPTER 1:  
INTRODUCTION 
 
C4 grasses encompass <3% of extant angiosperm species, yet they are an important 
component of modern grassland ecosystems. They comprise of >50% of all grass species, 
contribute >5% of global terrestrial primary productivity (Still et al., 2003; Sage 2004), dominate 
the sub-tropical and warm temperate grassland biomes, and include major grain crops, biofuels, 
and invasive weeds (Sage and Monson, 1999). The evolutionary success of C4 grasses is derived 
from their ability to concentrate CO2 within their mesophyll, allowing them to minimize the 
competitive oxygenation reaction (photorespiration) of the enzyme Rubisco (ribulose-1,5-
biphosphate carboxylase/oxygenase). Thus, the C4 photosynthetic pathway enables plants to 
effectively maintain high productivity and fitness under stressful environmental conditions that 
promote photorespiratory loss of carbon for C3 plants (Sage et al. 2012), including high 
temperature, aridity, low atmospheric CO2, high salinity, and waterlogging (e.g., Ehleringer et 
al., 1991; Sage, 2004).  
Grassland ecosystems exert significant influences over global climate through unique 
ecosystem properties such as high albedo and water-use efficiency (Sage, 2004) as well as their 
contribution to carbon and silica cycles (Kidder and Gierlowski-Kordesch, 2005). Because C3 
and C4 grasses have differential responses to environmental factors such as annual rainfall, 
seasonality, fire frequency, temperature, and atmospheric chemistry, future projections suggest 
grasslands are one of the most sensitive biomes to shifts in climate and atmosphere composition 
(IPCC 2007).  Understanding the early history of C4-grass dominated ecosystems can provide 
context for modern grasslands and allow us to predict how they will respond to future climate 
change. 
C4 grasses rose to dominance and spread to a majority of grassland ecosystems by the late 
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Miocene/early Pliocene, representing one of the most dramatic events of biome evolution in 
Earth’s history (Edwards et al., 2010).  Historically, the origin and subsequent expansion of C4 
grasses were attributed to the precipitous drop in atmospheric pCO2 during the Oligocene (e.g, 
Sage, 2004). However, variability in the timing of the expansion of C4 grasslands (between 13 
and 4 Ma) suggests that regional factors such as climate or fire played a significant role. A recent 
reconstruction of atmospheric CO2 levels during the Cenozoic shows relatively little change in 
atmospheric composition since the Late Oligocene, millions of years before global expansion 
(Tipple and Pagani, 2007). Furthermore, molecular –clock estimates suggest that the C4 
photosynthetic pathway likely arose >17 million years prior to the expansion of C4-dominated 
grasslands in the Oligocene, during a period of high atmospheric pCO2 (Vicentini et al., 2008). 
Thus, the C4 photosynthetic pathway likely evolved in response to regional environmental 
changes, and C4 plants were probably relegated to narrow ecological niches for much of their 
early history (Kellogg, 2001).  
Estimating the presence and abundance of C4 grasses in the paleorecord to identify where 
they first emerged and understand the environmental controls that facilitated their expansion is 
challenging, especially when C4 grasses comprise a minor component of the ecosystem.  The 
most common fossil proxy for grasses is pollen, but morphological similarity below the family 
level precludes discrimination between C3 and C4 grass pollen (Fœgri and Iverson, 1989).  
Phytolith assemblages, another common fossil proxy, are also limited in their ability to 
differentiate C3 from C4 grasses and are typically restricted to dry, oxidizing environments 
(Stromberg, 2004). Because of these fossil limitations, stable carbon isotopes are the preferred 
method of reconstructing the abundance of C4 grasses in the paleorecord.  However, it is often 
difficult to distinguish C4 grasses from C3 taxa using 13C data from bulk-phase substrates (e.g. 
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carbonates, mammal teeth, terrestrial leaf waxes) when C4 grasses are below 20-30% of the total 
terrestrial biomass (Cerling et al., 1999). Furthermore, the source of the isotopic signal is often 
uncertain given that bulk-phase substrates integrate the isotopic signal of C3 grasses, trees and 
shrubs as well as non-grass C4 taxa such as sedges.  
The purpose of my dissertation research was to utilize a novel technique that involves a 
spooling-wire micro-combustion device interfaced with an isotope ratio mass spectrometer 
(SWiM-IRMS) to measure the stable carbon isotope ratios of individual grass pollen grains (e.g., 
Nelson et al., 2007, 2008).  Using the Single Pollen Isotope AnaLysis (SPIRAL) method, Nelson 
et al. (2007) showed that δ13C values of grass pollen grains of known provenance (C3 and C4) 
could be distinguished based on their distribution around a set threshold δ13C value (-19.2‰). 
The ranges of the δ13C values of C3 and C4 pollen overlapped significantly, preventing accurate 
classification.  Despite this constraint, there was a significant correlation between SPIRAL 
estimates of %C4 grass pollen in surface-sediment samples from lakes and the abundance of C4-
grasses on the landscape at sites in North America. 
While Nelson et al. (2007) showed that SPIRAL is a useful technique for obtaining 
information on the composition of paleo-grasslands, the original study had several limitations, 
including a small number of grass species used as the training set to define the δ13C threshold 
and a geographically limited sediment-sample dataset (10 locations in North America) for 
validation. Additionally, the fixed threshold for identifying C3 and C4 grasses is problematic 
because δ13C values are highly variable among and within grass species (Cerling, 1999).  
Furthermore, the identification threshold does not account for formal propagation of uncertainty, 
leading to unconstrained precision (i.e., confidence intervals).  The first goal of my dissertation 
was to refine the SPIRAL technique by improving the training and validation datasets. I 
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increased the training set from 8 to 31 grass species, and added x surface-sediment samples from 
sites in Africa and Australia for validation of SPIRAL(Chapter 2). A hierarchical Bayesian 
model was developed with this expanded dataset to estimate the percent of C3-and C4-grass 
pollen based on SPIRAL δ13C values. This hierarchical framework resulted in a more accurate 
estimation of the abundance of C4 grass pollen than the simpler threshold approach and was also 
able to provide posterior model probabilities that enable hypothesis testing of the presence or 
absence of C4 grasses in paleorecords. This tool is invaluable for constraining the origin and 
early history of C4 grasses (Chapters 3 and 4; Nelson et al., 2014) 
The improved SPIRAL technique can be used to test longstanding hypotheses regarding 
the drivers of C4 evolution and expansion. While regions such as the Great Plains of North 
America (e.g., Strömberg and McInerney, 2011) and Pakistan (e.g., Behrensmeyer et al., 2007) 
have detailed Miocene records of C4 grass abundance, Western Europe has no paleoecological 
record of C4 grasses (Strömberg, 2011) because conventional bulk-phase stable carbon isotope 
methods cannot identify C4 grasses at low levels of biomass. I applied the new hierarchical 
Bayesian model to δ13C data from fossil grass pollen grains extracted from Early Oligocene to 
Middle Miocene deposits in Western Europe (Chapter 3), where modern C4 grasslands are not 
extensive at present (10-20%). This period preceded the precipitous drop in atmospheric pCO2, 
with values exceeding 800 ppm throughout the Early to Middle Oligocene (Tipple and Pagani, 
2007). Paleoclimate and paleovegetation reconstructions (e.g., Jiménez-Moreno and Suc, 2007; 
Jiménez-Moreno et al., 2010; Mosbrugger et al., 2005) suggest that during the Oligocene to 
Middle Miocene, the climate of Western Europe was similar to Northern Africa and the Red Sea 
region today, where C4 grasses now dominate. Thus, the presence of C4 grasses in Western 
Europe during this time would suggest that regional climatic conditions, rather than decreased 
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pCO2, facilitated the origin and spread of C4 grasses. The SPIRAL δ13C data from two sites in 
France unequivocally provide evidence of C4 grasses in southwestern Europe by the Early 
Oligocene, which is in agreement with molecular clock estimates (e.g., Vicentini et al., 2008) 
and is also the earliest geochemical evidence of C4 grasses in the paleorecord. The high 
percentage of C4 grasses (>60% total grass pollen) in France during the Oligocene was likely a 
result of enhanced aridity in western and central Europe (Mosbrugger et al., 2005), refuting the 
hypothesis that low pCO2 was an important driver for the development of C4 photosynthesis, 
In Chapter 4, I used SPIRAL δ13C data from sites in southern and northern Spain to 
reconstruct the spatiotemporal patterns of C4 grasses during Early to Middle Miocene on the 
Iberian Peninsula. Vegetation patterns in Western Europe during the Miocene show a distinctive 
south to north gradient in temperature and precipitation (Jiménez-Moreno et al., 2011). SPIRAL 
results show that C4 grass abundance in Spain varied between 21 and 72% of total grasses 
throughout this period, likely facilitated by the warm and dry climatic conditions that existed in 
western Europe since the Oligocene (e.g., Jiménez-Moreno and Suc, 2007; Jiménez-Moreno et 
al., 2010). The younger southern sites had a significantly greater mean proportion of C4 grasses 
(62%) than the older northern site (39%), reflecting higher aridity on the southern peninsula. The 
temporal pattern of a relatively high proportion of C4 grasses in the Miocene in Western Europe, 
compared to their low abundance at present, is in stark contrast with the pattern of C4 grass 
expansion in many other regions of the world (e.g., Edwards et al., 2010). This contrasting 
pattern was likely driven by the cooler conditions associated with the onset of Mediterranean 
climate in the early Pliocene, which would have conferred a competitive advantage to C3 versus 
C4 grasses. This finding provides further evidence for the role of local environmental conditions 
in constraining C4 grass abundance.  
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In summary, my dissertation research focused on the improvement of the SPIRAL 
technique, the creation of a hierarchical model for hypothesis testing, and the utilization of this 
model in addressing important questions about the origin and expansion of C4 grasses in the 
fossil record. This research has provided new insight into the timing of C4-grass expansion 
around the world and has documented previously unknown spatial and temporal patterns of C4 
grass expansion. I was also able to test hypotheses regarding the controls of C4 grass origin and 
abundance, and found that local-scale controls (e.g. aridity and temperature) are likely more 
important to the evolution of C4 grasses than global (e.g. pCO2) phenomena. The work not only 
produced a valuable tool with broad biogeochemical and ecological applications, but also 
provided further insights into the evolutionary history of C4 grasses.  
 7 
 
CHAPTER 2:  
A HIERARCHICAL BAYESIAN APPROACH TO THE CLASSIFICATION OF C3 AND 
C4 GRASS POLLEN BASED ON SPIRAL δ13C DATA 
 
 
ABSTRACT 
Differentiating C3 and C4 grass pollen in the paleorecord is difficult because of their 
morphological similarity. Using a spooling wire microcombustion device interfaced with an 
isotope ratio mass spectrometer, Single Pollen Isotope Ratio AnaLysis (SPIRAL) enables 
classification of grass pollen as C3 or C4 based upon 13C values. To address several limitations 
of this novel technique, we expanded an existing SPIRAL training dataset of pollen 13C data 
from 8 to 31 grass species. For field validation, we analyzed 13C of individual grains of grass 
pollen from the surface sediments of 15 lakes in Africa and Australia, added these results to a 
prior dataset of 10 lakes from North America, and compared C4-pollen abundance in surface 
sediments with C4-grass abundance on the surrounding landscape. We also developed and tested 
a hierarchical Bayesian model to estimate the relative abundance of C3- and C4-grass pollen in 
unknown samples, including an estimation of the likelihood that either pollen type is present in a 
sample. The mean (±SD) 13C values for the C3 and C4 grasses in the training dataset were -29.6 
± 9.5‰ and -13.8 ± 9.5‰, respectively. Across a range of % C4 in samples of known 
composition, the average bias of the Bayesian model was <3% for C4 in samples of at least 50 
grains, indicating that the model accurately predicted the relative abundance of C4 grass pollen. 
The hierarchical framework of the model resulted in less bias than a previous threshold-based 
C3/C4 classification method, especially near the high or low extremes of C4 abundance. In 
addition, the percent of C4 grass pollen in surface-sediment samples estimated using the model 
was strongly related to the abundance of C4 grasses on the landscape (n= 24, p< 0.001, r
2= 0.65). 
These results improve 13C-based quantitative reconstructions of grass community composition 
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in the paleorecord and demonstrate the utility of the Bayesian framework to aid the interpretation 
of stable isotope data.  
 
INTRODUCTION 
Knowledge of biotic responses to past climatic variability is important for anticipating 
future change (Flessa et al., 2005). Fossil pollen assemblages are a valuable indicator of 
spatiotemporal variation in plant community composition on the landscape (Williams et al., 
2004). However, grass (Poaceae) pollen is typically morphologically indistinct below the family 
level (Fægri et al., 1989), rendering pollen analysis a blunt instrument for investigating past 
changes in grassland ecosystems. This problem hampers our understanding of the ecology and 
evolution of grasslands, which today cover a major portion of Earth’s land surface and regulate 
key biogeochemical cycles (Saugier and Roy, 2000).  
Carbon isotopic analysis of grass pollen offers an important tool for distinguishing C3 and 
C4 grasses in the paleorecord (Amundson et al., 1997; Descolas-Gros and Scholzel, 2007; Nelson 
et al., 2006). Recent technical advances include Single Pollen Isotope Ratio AnaLysis (SPIRAL), 
which involves the use of a spooling-wire microcombustion device interfaced with an isotope-
ratio mass spectrometer (SWiM-IRMS) for the 13C analysis of individual grass pollen grains 
(Nelson et al., 2007). Nelson et al. (2007) showed that 13C values of pollen from known C3 and 
C4 grasses could be distinguished based on their distribution around a threshold 13C value of -
19.2‰. Although high variability and overlapping ranges of 13C values for C3 and C4 grasses 
prevent perfect classification, a significant correlation was found between 13C-based estimates 
of % C4-grass pollen in surface-sediment samples and the abundance of C4 grasses on the 
landscape at ten sites in North America (Nelson et al., 2008).  
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Despite the useful paleoenvironmental information obtained from SPIRAL, the existing 
technique has several inherent limitations. First, SPIRAL was developed (Nelson et al., 2007) 
and validated (Nelson et al., 2008) with a small amount of data from North American grasses and 
grasslands. For example, only four C4 grasses and four C3 grasses were used to identify the 
threshold 13C value separating C3 and C4 (Nelson et al., 2007). Thus the applicability of this 
technique to a broader range of grassland ecosystems remains uncertain. Additionally, a fixed 
13C threshold was selected to differentiate C3 and C4 grasses, which may be problematic 
because 13C values vary both within and among species (Cerling, 1999). Finally, there is no 
formal propagation of uncertainty for SPIRAL, which means that the precision of the technique 
is not well constrained. In this study, we address these problems by (1) expanding the reference 
13C dataset for distinguishing C3- from C4-grass pollen, (2) improving the validation dataset 
from North America (Nelson et al., 2008) by adding new surface-sediment samples from lakes in 
Africa and Australia, and (3) developing and evaluating a hierarchical Bayesian model to 
estimate the percent of C3- and C4-grass pollen based on SPIRAL 13C data.  
 
METHODOLOGY 
Herbarium and surface-sediment samples 
We performed 13C analyses on pollen from herbarium specimens of 28 grass species, 
including additional pollen from five of the eight species previously analyzed in Nelson et al. 
(2007) (Electronic Annex EA-1). Our expanded training dataset includes these new results and 
all of the 13C data reported in Nelson et al. (2007). These specimens were collected between 
1927 and 1995 from Africa, Australia, and North America.  
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As a step to develop a global relationship between C4 grass abundance and SPIRAL 
data, we performed 13C analysis of pollen in surface sediments from Africa and Australia to 
supplement the published 13C dataset from North America (Nelson et al., 2008). All of the 
surface-sediment samples from Africa and Australia come from lakes, with the exception of 
Rumuiku Swamp in Africa (Electronic Annex EA-2). The samples typically represent the 
upper ~5 cm of sediment, which likely accumulated during the past several decades. We do 
not have data on the composition and abundance of grasses around our African and 
Australian sites. Therefore, we estimated the relative abundance or productivity of C4 grasses 
around each site based on the relationships of C4 grasses with various environmental factors 
reported in the literature (Electronic Annex EA-2). In equatorial East Africa, C4-grass 
abundance (Livingstone and Clayton, 1980) and productivity (Tieszen et al., 1979) are 
negatively correlated with elevation, with C4 grasses predominating below ~1500 m. We 
used the relationship in Tieszen et al. (1979) to estimate C4 grass abundance around each of 
our African sites. In Australian grasslands, minimum January temperatures (JANT; °C) and 
median August rainfall (AURF; cm) are strong predictors of C4 grass abundance in the 
regional grass flora (Hattersley, 1983). We obtained JANT and AURF data from the 
Australian Bureau of Meteorology (www.bom.gov.au) and used the relationship in Hattersley 
(1983) to calculate C4 grass abundance around each of our Australian sites. For each North 
American site the percent contribution of C4 grasses to the total potential production of 
grasses was determined using the relationship between latitude and C4-grass productivity 
(Tieszen et al., 1997).  
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Sample treatment and isotopic analysis 
All samples were treated using standard pollen preparation techniques modified to 
exclude carbon-containing compounds (Nelson et al., 2006), except that hydrofluoric acid 
was not used for the herbarium specimens, which has little influence on pollen 13C (Jahren, 
2004). Grass pollen gains were isolated in Nanopure water on a microscope slide at 200x 
magnification using an Eppendorf Transferman micromanipulation device. Individual grains 
were transferred to ~0.4 L drops of Nanopure water and applied to a SWiM device 
interfaced with a ThermoFinnigan Delta V IRMS using a steel and glass syringe (Nelson et 
al., 2007; Nelson et al., 2008). Sample data were normalized to VPDB using a two-point 
normalization curve with in-house 2.5 nmol C standards of leucine (true δ13C = -32.1‰), 
sorbitol (true δ13C= -16.2‰), serine (true δ13C = -25.7‰), and/or glycine (true δ13C = -
37.9‰) that were calibrated against the USGS40 and USGS41 glutamic acid standards.  
The number of individual grains of grass pollen applied to the SWiM device ranged 
from 88 to 239 per sample for the herbarium and surface-sediment samples. We followed 
Nelson et al. (2007; 2008) for the 13C analysis of individual pollen grains. Briefly, along 
with each sample, we analyzed blanks of Nanopure water to which a single pollen grain was 
added and then removed. The mean plus 2 standard deviations of blank CO2 yields was set as 
a minimum size threshold; grains below this threshold were excluded. The final 13C data 
were corrected for blank 13C content using isotopic mass balance. The 13C values of 
herbarium specimens were corrected to a pre-industrial δ13C value of atmospheric CO2 (-
6.3‰; Friedli et al., 1986). 
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Statistical model 
We chose a Bayesian approach for our statistical analysis. Bayesian methods differ 
theoretically from more widely-used frequentist approaches primarily in that Bayesian 
methods include prior distributions for all unknown parameters to be estimated. Following a 
fundamental theorem of probability known as Bayes’ theorem, prior distributions can be 
combined with the likelihood of a given dataset (i.e., the probability of observing the dataset, 
given as a function of unknown parameters) to yield posterior parameter distributions. 
Formally and conceptually, a posterior distribution represents a prior notion of an unknown 
parameter value, updated with available data according to the proposed model. In many cases 
(e.g. linear regression), Bayesian and frequentist approaches yield essentially equivalent 
results when the prior distributions selected are uninformative (i.e. provide little constraint on 
the unknown parameters), and/or when the dataset is sufficiently large to overwhelm the 
priors. In other cases, however, the choice of priors can be influential, and the inherent 
subjectivity in assigning priors has been central to arguments for and against the use of 
Bayesian methods. For a summary of these theoretical considerations, see Savage (1962). 
From a pragmatic standpoint, advances in computational methods have provided a 
consistent and convenient framework for fitting complex models from a Bayesian 
perspective, where a frequentist approach would be infeasible or impossible. This practical 
advantage is the motivation for our Bayesian model. The model we propose below is 
relatively straightforward, and is closely related to model-based clustering methods (Fraley 
and Raftery, 2002). Nevertheless, the exact model structure is specific to our context and 
goals, i.e. estimating C4 grass abundance in unknown samples and the likelihood that they 
contain C4 grass pollen. We know of no frequentist approach that would suffice to fit such a 
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model, whereas in a Bayesian context it can be solved using generic numerical methods. For 
a practical introduction to such methods, we recommend Clark (2007) and Hoff (2009). 
We designed a hierarchical Bayesian model to predict the percent of C4 grains in 
samples of unknown composition based on the 13C values of individual grass pollen grains 
(Fig. 2.1). At the basis of the model is the likelihood function 
yi ~
N mC3,sC3
2( ), xi = 0
N mC4 ,sC4
2( ), xi =1
ì
í
ïï
î
ï
ï
 
in which, for the ith grain in the sample, yi is the measured 13C of the grain, xi is a 
binary variable identifying the grain as C3 (xi = 0) or C4 (xi = 1), µ and σ2 represent the 
population means and variances (respectively) for C3 and C4 grains as indicated by 
subscripts, and N(µ, σ2) denotes the normal (Gaussian) distribution with mean µ and variance 
σ2. In other words, the likelihood is the conditional probability of observing the 13C value of 
an individual grain, given the classification of the grain and assuming normally-distributed 
13C values for both C3 and C4. We calculated 
  
mC3 , mC4 , sC3
2
, and sC4
2
 from the herbarium 
dataset described above, and subsequently treated these variables as fixed in our predictive 
model.  
Because the C3/C4 identity of the pollen grains in sediment samples is unknown, we 
added a second hierarchical level to model x, the indicator variable for C4 presence, based on 
the unknown proportion of C4 grains in the population, θ: 
xi ~ Bernoulli q( ) 
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i.e., 
 
The unknown parameter θ requires a prior distribution as well. In defining this prior, 
we introduced a final hierarchical level in the model to accommodate samples composed of 
(1) purely C3, (2) purely C4, or (3) both C3 and C4 pollen grains. We refer to these sample 
types as “C3-only”, “C4-only”, and “mixed”, respectively, and define the prior distribution of 
θ separately for each: 
q ~
0 for C3-only samples
Uniform 0,1( ) for mixed samples
1 for C4 -only samples
ì
í
ï
ïï
î
ï
ï
ï
 
In other words, if a sample is identified as C3-only or C4-only, then θ is assigned a 
constant value of 0 or 1 (respectively). For mixed samples, θ must be estimated based on the 
data. In this case, the uniform prior represents our lack of knowledge of the true proportion of 
C4 in the sample by assuming a priori that all values of θ are equally likely.  
The compound prior on θ effectively defines three distinct sub-models. In a Bayesian 
framework, these models can be fit simultaneously to formally compare their ability to 
describe a given dataset. This simple form of Bayesian model selection (Dellaportas et al., 
2002) treats the choice of model itself as an unknown parameter, which therefore requires its 
own prior distribution. We assumed that the sub-models were equally likely a priori, and 
thus assigned each a prior probability of 1/3. The posterior estimate of the model-selection 
parameter then yields “posterior model probabilities” representing the relative probability 
xi =
1 with probability q
0 with probability 1-q( )
ì
í
ï
î
ï
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that each candidate model (i.e. sample type) is the true model. This allows for hypothesis 
testing analogous to the use of p-values (e.g. rejecting a candidate model if it has a posterior 
probability <0.05; Marden, 2000). 
The division of the main hierarchy into three possible submodels serves two 
purposes. First, for samples that truly contain only one pollen type, the corresponding 
monotypic model is conceptually correct, and generally provides a better fit than if only the 
“mixed” model is allowed (data not shown). Second, fitting this model produces a posterior 
estimate of θ while simultaneously calculating the posterior probability of each sample type. 
In applications aimed primarily at assessing the relative abundance of C4 grains in a sample 
(e.g. to compare C4 abundance across space or time), θ will be of primary interest. However, 
in some cases the goal of SPIRAL may be to identify whether one pollen type is present or 
absent in a sample (e.g. Urban et al., 2010). For that purpose, the posterior model 
probabilities allow explicit quantification of the probability that either or both types are 
present.  
We fit the model by Markov Chain Monte Carlo (MCMC) sampling using the 
software package JAGS (version 3.1.0; Plummer, 2011) interfaced through R (R 
Development Core Team, 2010) with the library rjags (Plummer, 2012). Briefly, the software 
uses a variety of MCMC algorithms to sample over possible values of the unknown 
parameters. For each parameter, the resulting posterior distribution (i.e. histogram of all 
values sampled during the MCMC sequence) is an approximation of the true probability 
density function of the parameter given the dataset of observations. Any population statistic 
of interest can then be estimated from the corresponding sample statistic for the MCMC 
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sample. For example, we summarize θ by its posterior median, calculated as the sample 
median across the entire MCMC sequence.  
We used pseudodata from the herbarium samples to verify the model. We produced 
samples with known composition of 0 to 100% C4 in 10% increments, and sample sizes of 
50, 100, and 150 grains. We randomly generated 1000 replicates of each % C4 X sample-size 
combination, and fit the model to each replicate sample to generate posterior estimates of θ 
and posterior probabilities for each sample type (C3-only, C4-only, or mixed). For 
comparison, we also estimated % C4 for each sample using the threshold-based classification 
method (i.e. Nelson et al., 2007), but with the threshold value (the midpoint between 
  
mC3and 
mC4 ) updated to reflect the expanded herbarium dataset. Finally, we used the model to 
estimate the percent of C4 grains in the surface sediments of sites in Africa, Australia, and 
North America. For comparison of these estimates with the relative abundance of C4 grasses 
on the landscape, we used reduced major axis regression because of symmetry in the 
variables on the x and y axes (Smith, 2009), and because both the x and y variables contain 
uncertainty (McArdle, 1988). The fit of this regression was compared with a 1:1 relationship 
following equations outlined in McArdle (1988). These regression analyses were performed 
in R (R Development Core Team, 2010). 
 
RESULTS AND DISCUSSION 
 13C of C3 and C4 grass pollen: an expanded training set 
The expanded training set is based on pollen from 31 herbarium specimens. The 
number of grass pollen grains applied to the moving wire with peak areas exceeding the 2σ 
threshold of blanks ranges between 21 and 130 grains per sample, with an average of 62 
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grains per sample (Electronic Annex EA-1). The expanded training set therefore includes 
1,921 13C values, 1,402 of which were obtained as part of the present study. An average of 
32% of applications of pollen from herbarium samples yield a peak area above the blank 
threshold, which is lower than results from surface-sediment samples from North American 
lakes (47%, Nelson et al., 2008) and Miocene/Oligocene sediment samples (45%, Urban et 
al., 2010). The mean δ13C values of grass pollen range between -42.7 and -24.0‰ for C3 
species and between -17.2 and -10.5‰ for C4 species (Electronic Annex EA-1). A majority 
of the pollen δ13C values fall within the typical δ13C ranges for C3 (-34 to -22‰) and C4 (-15 
to -10‰) plants (Fig. 2.2; Electronic Annex EA-1). However, similar to previous results, the 
δ13C variation is large, with many individual data points exceeding these ranges, likely 
because of variability in the magnitude and composition of the analytical blank (Nelson et al., 
2007).  
The updated herbarium dataset yields somewhat different parameter estimates than 
those reported by Nelson et al. (2007). Estimates of mC3 = -29.6‰ and mC4 = -13.8‰ are 
more negative than previously determined values (–26.9‰ and –11.5‰, respectively), 
leading to an estimated threshold value of –21.7‰ that is also more negative than the original 
value (–19.2‰). Variability of δ13C in the new dataset is similar between C3 and C4 grains 
(standard deviation = 9.5‰ for each), which is greater than previously determined for C3 
(6.3‰), but similar for C4 (9.6‰). Based on the updated values, the probability of an 
individual grain being identified as C4 by the Bayesian model varies smoothly over the range 
of possible δ13C values (Fig. 2.2).  
In terms of estimating the overall composition of unknown samples, the pseudodata 
experiments show a striking improvement of the Bayesian approach. Overall, results from 
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samples of pseudodata randomly generated from the herbarium dataset illustrate that 
Bayesian estimates of % C4 grass pollen are highly accurate (Fig. 2.3). For all sample sizes 
tested, bias (i.e., the mean deviation between the estimated and true %C4) is ≤5.5%, with 
largest biases when true C4 composition is 80% (n=50) or 10% (n≥100). Average biases 
across all true % C4 values are only 2.9% for sample size n=50, and 2.4% for n=100 and 
n=150. By contrast, the original threshold-based methodology of Nelson et al. (2007) 
produces accurate estimates of sample composition when true composition is near 50%, but 
becomes increasingly biased towards underestimation (overestimation) as true % C4 
increases (decreases). Maximum bias of ~16% for the threshold-based approach occurs for 
purely C3 or C4 samples, and average bias across all true % C4 values is 8.2%. 
The improved accuracy of the Bayesian model for samples with low and high 
abundances of C4 grass pollen is a function of its hierarchical structure. The model explicitly 
incorporates θ, the estimated relative abundance of C4 grains in the population, as well as a 
model-selection parameter representing the possibility that either C3 or C4 can be entirely 
absent from a sample. The MCMC approach then solves for these parameters simultaneously 
while accounting for the fact that they both influence the likelihood of an individual grain 
being identified as C3 or C4. By contrast, the threshold method relies on a fixed threshold 
value with classification accuracies for C3 and C4 grains that are independent of sample 
composition. In practice, the threshold method misclassifies approximately the same percent 
C3 and C4 grains. Thus, near 50% true C4 abundance, the number of misclassification errors 
for C3 and C4 are similar, which results in offsetting effects on estimated % C4 and small net 
bias. However, when % C4 is far from 50% the misclassification errors are imbalanced, 
which results in a biased estimate of % C4.  
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To illustrate how the hierarchical Bayesian model overcomes this limitation, here we 
consider a hypothetical sample with low (<50%) C4 abundance, and we note that the opposite 
rationale applies for samples with high C4 abundance. For a low-C4 sample, the data favor a 
correspondingly low estimate of θ. Consequently, the likelihood of any grain being identified 
as C4 in the model is diminished, reflecting the reduced probability of a C4 grain being found 
in a sample when the true abundance of C4 grains is low. This in turn causes fewer C3 grains 
with ambiguous δ13C values to be misclassified as C4. As the true percent of C4 in the 
hypothetical sample approaches 0, the data will begin to favor selection of the C3-only 
model, which prevents misidentification of C3 grains. These same mechanisms lead to an 
increased proportion of C4 grains misclassified as C3 in low-C4 samples. However, since a 
sample with low C4 abundance has fewer C4 than C3 grains by definition, the net effect is an 
improvement in accuracy relative to the threshold-based method.  
Our Bayesian model can also be used to assess the presence or absence of C4 grasses 
on the landscape (Fig. 2.4). For example, for pseudodata samples containing 0% C4, the 
posterior probability of the C3-only model [P(C3-only)] has a median value of >0.95, 
indicating strong preference for the correct model most of the time. Similarly, for pseudodata 
samples containing 100% C4, median P(C4-only) is ~0.94 indicating strong preference for the 
C4-only model. Furthermore, our results suggest that the method has substantial power to 
reject the C3-only model when C4 grains are in fact present. For example, with a sample size 
of 100 grains, median P(C3-only) is <0.01 for samples with only 20% C4. Samples with C4 
present in lower abundance are more ambiguous. Among samples with 10% C4, for instance, 
median P(C3-only) of a 100-grain sample is 0.54. The ability to identify C4 presence 
improves with sample size. For example, for a sample with 10% C4, median P(C3-only) is 
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0.23 with n=150 grains, compared to 0.73 with n=50 grains. Thus, for samples of relatively 
large size (>100 grains) the practical detection limit for reliably identifying the presence of 
C4 grains in a sample is between 10-20% C4.  
 
Field validation of grass-pollen 13C as a proxy indicator of C3/C4 abundance 
For the surface-sediment samples from Africa and Australia, the number of grass 
pollen grains with peak areas exceeding the 2σ threshold of blanks ranges between 30 and 
142 grains per sample, with an average of 52 grains per sample (Electronic Annex EA-2). 
The total surface-sediment dataset therefore includes 1,522 13C values, 773 of which were 
obtained as part of the present study. On average, 48% of applications of pollen from 
sediment samples yield a peak area above the blank threshold. A majority of the pollen δ13C 
values fall within or between typical δ13C ranges for C3 and C4 plants (Electronic Annex EA-
2, EA-3, and EA-4). However, as with the expanded herbarium dataset, the δ13C variation is 
large.  
Bayesian estimates of the median % C4 grass pollen from the surface-sediment 
samples range between 0 and 99% (Fig 5; Electronic Annex EA-2). Across the large spatial 
and environmental gradients represented by our surface-sediment sites, we expected that the 
abundance of C3 and C4 grass pollen in surface sediments would be overall similar to the 
abundance of C3 and C4 grasses on the landscape. Consistent with this expectation, there was 
a significant relationship between the Bayesian estimates of % C4 grass pollen in the surface-
sediment samples from Africa, Australia, and North America and C4-grass abundance around 
these sites (Fig. 2.5; n= 24, p< 0.001, r2= 0.65). Furthermore, this relationship does not differ 
from a 1:1 relationship (p= 0.45), indicating no consistent bias in the representation of C3 and 
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C4 grasses that may be associated with factors such as pollen productivities or preservation in 
sediments. We excluded one site, Rumuiku Swamp, from the regression because it had 
unusually low % C4 grass pollen for its elevation, probably because the local swamp 
environment supported a greater abundance of C3 grasses. However, the regression remains 
significant even if Rumuiku swamp is included (n=25, p< 0.001, r2= 0.54). Nelson et al. 
(2008) found a similar relationship in North America using the original (-19.2‰) threshold 
method, but lacked data from sites with <20% C4 grass abundance on the landscape. The 
additional data in the present study helps to extend this range and further validates SPIRAL 
as a tool for paleoenvironmental reconstruction.  
 
Application to the paleorecord: interpreting SPIRAL δ13C data in the Bayesian framework 
 
The improved estimates of C4-grass abundance from incorporation of SPIRAL data 
into the Bayesian model can help to assess factors (e.g. atmospheric CO2 concentrations) 
controlling the origin, expansion, and variations in abundance of C4 grasses in Earth’s 
history. To demonstrate the application of the model to the paleorecord, we reevaluated a 
published SPIRAL dataset (Urban et al., 2010). Briefly, Urban et al. (2010) measured δ13C of 
grass pollen grains in sediments spanning the early-Oligocene to middle-Miocene from sites 
in southwestern Europe and used a threshold value of -19.2‰ (before modification for 
variations in δ13C of atmospheric CO2 and aridity) to detect the presence of pollen from C4 
grasses. The samples in that study contained between 63 and 100 grains. Results indicated 
that C4 grasses appeared on the landscape of southwestern Europe no later than the early 
Oligocene, which suggests that low pCO2 may not have been the main driver and/or 
precondition for the development of C4 photosynthesis in the grass family.  
 22 
 
We evaluated the probability that the δ13C data in samples from Urban et al. (2010) 
support the C3-only model in our Bayesian analysis. We adjusted the δ13C values of the 
Urban et al. (2010) samples to that of pre-industrial δ13C of atmospheric CO2 (-6.3‰) using 
estimated values of δ13C of atmospheric CO2 during the Cenozoic based on benthic 
foraminifera δ13C data (Tipple et al., 2010). The probability of a C3-only model was <0.01 
(indicating >99% probability that at least some C4 grains were present) for all samples 
(Electronic Annex EA-5). However, low water availability may have caused the δ13C values 
of C3 plants to shift in the positive direction (Ehleringer and Cooper, 1988). To account for 
the potential influence of aridity we shifted the mean δ13C value of our C3 training set by 1-
3‰ in the positive direction, as in Urban et al. (2010). All but one sample had a P(C3-only) 
of <0.01 after addition of 1‰ to the mean δ13C value of the C3 training dataset. Six of the 
eight samples, including the oldest two, had a P(C3-only) of <0.05 after addition of 3‰ to the 
mean δ13C value of the C3 training dataset (Electronic Annex EA-5). The mean Bayesian 
estimates of % C4 grass pollen are particularly high in the oldest two samples, consistent with 
the identification of plant communities in regions where today C4 grasses are dominant as the 
closest analogs for the corresponding pollen assemblages (Suc, 1984). Therefore, our 
Bayesian estimates of % C4 grass pollen confirm the prior conclusion of Urban et al. (2010) 
that C4 grasses occurred on the landscape of southwestern Europe by at least the early 
Oligocene. The main advantage of the Bayesian model over the threshold approach used the 
context of the Urban et al. (2010) study is that the former allows for an explicit estimate of 
the probability of C4 grasses being present on the landscape, which is essential for 
quantitatively assessing the timing of C4-grass origin in geological history. 
Overall, our new δ13C data along with the Bayesian framework improve quantitative 
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reconstructions of variation in the relative abundance of C3 and C4 grasses in response to 
environmental changes in the paleorecord. The flexible and hierarchical nature of the 
Bayesian model yields more accurate estimation of the abundance of C4 grass pollen than the 
simpler, but biased, threshold approach, and also provides posterior model probabilities that 
enable hypothesis testing. Thus we recommend that future estimates of C3 and C4 grass 
abundances should, when possible, be made using Bayesian methods rather than threshold-
based counting approaches. Bayesian analyses have begun to have important applications in 
the interpretations of geochemical isotope data. For example, recent studies have used 
Bayesian analysis to develop probabilistic region-of-origin assignments in wildlife and 
human forensics (Kennedy et al., 2011; Wunder, 2010), enhance radiocarbon-age modeling 
for sediment records (Blaauw et al., 2007; Blaauw and Christen, 2011), and enable detection 
of climate-related shifts in elemental and isotopic abundances in peat cores (Gallagher et al., 
2011). The increased use of Bayesian approaches promises to transform the environmental 
interpretations of geochemical data, especially in cases where small samples are involved. 
We expect that Bayesian analyses will become a mainstay of geochemistry.   
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FIGURES 
 
Figure 2.1. Conceptual diagram of the hierarchical Bayesian model used in this study. The 
likelihood function describes the probability distribution of 13C values for each pollen grain 
in a sample (yi), given its classification as C3 or C4 (xi = 0 or xi = 1, respectively). The 
distribution of xi in turn depends on θ, the proportion of C4 grains in the population. Finally, 
the prior distribution of θ varies among sub-models representing three possible sample types 
(C3-only, mixed, C4-only). See Section 2.3 for details.  
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Figure 2.2. Histograms of 13C values from individual grains of grass pollen (1‰ bins). The dashed 
grey line represents data from C3 grasses and the black line data from C4 grasses (y-axis on left). The 
solid grey line represents the calculated probability of individual grains being classified as C4 as a 
function of 13C (y-axis on right). 
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Figure 2.3. Estimated vs. true % of C4 grains in samples of pseudodata derived from the herbarium 
training dataset. Columns correspond to three sample sizes (n=50, 100, and 150 grains). Rows 
correspond to results from Bayesian (top) and threshold (bottom) methods. For each panel, the mean 
(thick black line) and 95% confidence intervals (thin black lines) of estimates from 1000 random 
samples are plotted. The solid grey lines represent 1:1 relationships.  
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Figure 2.4. Probability that each candidate model (rows: C3-only, mixed, and C4-only) is the true 
model for pseudodata samples of known size (columns: 50, 100, or 150 grains) and composition (x-
axis: 0-100% C4). The dashed grey horizontal lines represent p = 0.05. For each set of pseudodata 
samples, the box represents the 25-75th percentiles of posterior probabilities, with median indicated 
by a heavy black line. The whiskers encompass all remaining points within 1.5 times the interquartile 
range of the box, and points outside this range are plotted individually. 
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Figure 2.5. Estimated C4 coverage (%) on the landscape around lakes in Africa (diamonds), Australia 
(X symbol), and North America (triangles), compared to the abundance of C4 grass pollen (%) in the 
surface-sediments of these sites, as estimated from 13C of individual grains of grass pollen using the 
Bayesian model. The major axis slope is 0.97 and 95% confidence interval of the slope is 0.75 - 1.24. 
The data point with an asterisk is excluded from the regression, as explained in section 3.2. The 1:1 
line is the solid grey line; the regression line is represented by the black dashed line. Error bars on 
each data point represent 95% confidence intervals. 
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CHAPTER 3:  
ISOTOPIC EVIDENCE OF C4 GRASSES IN SOUTHWESTERN EUROPE 
DURING THE EARLY OLIGOCENE-MIDDLE MIOCENE 
 
ABSTRACT 
C4 plants are widely successful in the grass-dominated ecosystems of tropical, 
subtropical, and warm-temperate regions, largely as a result of their ability to limit 
photorespiration and improve water-use efficiency. A widely held paradigm is that low (< 
~400 ppm) atmospheric CO2 concentrations were an important factor selecting for the origin 
of C4 plants, although support in geological records is limited. We determined the carbon-
isotopic composition of 686 individual grass-pollen grains preserved in 8 samples of 
lacustrine and shallow-marine sediments from 3 basins spanning the middle Miocene to early 
Oligocene in southwestern Europe. Grasses comprised <15% of the total abundance of 
terrestrial pollen grains, and 26%–62% of the grass pollen was from C4 grasses. Thus C4 
grasses occurred on the landscape as early as the earliest Oligocene, ~14 million years earlier 
than previous isotopic evidence of first C4 plants and before pCO2 fell during the Oligocene. 
 
INTRODUCTION 
C4 plants comprise only 3% of extant species of flowering plants, yet they account for 
~25% of global terrestrial primary productivity, dominate (sub)tropical and warm-temperate 
grasslands, and include important crops and weeds. The success of C4 plants primarily results 
from enhanced carbon fixation under conditions promoting photorespiration and improved 
water-use efficiency during drought (Sage, 2004). C4 photosynthesis first arose in the grass 
family (Poaceae); a lag of millions of years ensued before the subsequent rise of C4 grasses to 
ecological dominance during the late-Miocene/Pliocene. Variability in the timing of this 
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worldwide expansion of C4 grasslands indicates the importance of regional (e.g. climate, 
fire), rather than global (e.g. pCO2, the partial pressure of atmospheric CO2) controls on the 
spread of C4 grasslands (Osborne and Beerling, 2006; Tipple and Pagani, 2007). 
Nevertheless, it remains a prominent hypothesis that declining pCO2 during the Oligocene 
was a driver and/or precondition for origin of C4 photosynthesis (e.g. Edwards et al., 2010; 
Sage, 2004). However, support for this supposition from paleorecords is limited (Tipple and 
Pagani, 2007). 
Detecting C4 grasses within predominantly C3-plant communities in geological 
records is challenging. Grass pollen is morphologically indistinct below the family level, and 
thus palynological analysis is unsuitable for distinguishing C3 and C4 grasses. The oldest 
known grass macrofossil with diagnostic C4 anatomy dates to ~13 Ma (MacGinitie, 1962), 
but the distinct 13C signature of C4 plants is detected in paleosols and n-alkanes beginning 
~18 Ma (Tipple and Pagani, 2007) and the earliest likely C4 phytoliths are from ~19 Ma 
(Strömberg 2005). Molecular phylogenies of Poaceae place the origin of C4 about 25-37 Ma, 
which encompasses a precipitous drop in pCO2 from >1000 to <500 ppm (e.g., Pagani et al., 
2005), arguably supporting the C4-pCO2 hypothesis (Bouchenak-Khelladi et al., 2009; 
Christin et al., 2008; Vicentini et al., 2008). However, this range is too large to definitively 
attribute C4 origin to declining pCO2. Additionally, recently discovered grass phytoliths in 
late Cretaceous coprolites (Prasad et al., 2005) suggest a significantly older, Eocene-
Paleocene (34–65 Ma), origin of C4 grasses (Vicentini et al., 2008). 
Carbon-isotopic analysis of grass-pollen grains provides a novel approach for 
rigorously detecting C4 grasses amongst C3-plant biomass (Amundson et al., 1997). Using a 
spooling-wire microcombustion device interfaced with an isotope-ratio mass spectrometer 
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(SWiM-IRMS), Nelson et al. (2007) showed that the population distribution of individual 
pollen grains from known C3 and C4 grasses could be distinguished using a threshold 13C 
value. This approach was validated by comparing 13C-based estimates of C4-grass pollen 
abundance in lake-sediment surface samples with the abundance of C4 grasses on the 
surrounding landscape (Nelson et al., 2008). Because this approach does not use an isotope 
mixing model, it enables the detection of C4 grasses at lower abundances and higher 
confidence limits than bulk-phase isotopic approaches. Here we report 13C analyses of fossil 
grass-pollen grains extracted from middle Miocene to early Oligocene deposits to assess the 
hypothesis that low pCO2 was required for the origin of C4 grasses.  
 
STUDY SITES AND PALEOENVIRONMENTS 
The samples come from three distinct sites in southwestern Europe (Fig. 3.1). The 
proportions of different terrestrial pollen types in sediment records from these sites indicate 
the relative abundances of different plants on the landscape, albeit imperfectly because of 
differences in pollen production, dispersal, and preservation (Bennett and Willis, 2001). 
However, we do not attempt to reconstruct temporal variations in C4-grass pollen abundance 
because of potential basin-specific controls on vegetation composition, lack of contiguous 
paleorecords spanning the Miocene-Oligocene, and the small number of samples per site. 
Rubielos de Mora 
Four samples come from a 320 m-long core from the Rubielos de Mora Basin in 
northeast Spain (40° 10 60” N, 0° 39 0” W). Mammal assemblages and magnetostratigraphy 
indicate that these samples date to the Burdigalian-Langhian (15–20 Ma). During the early 
Miocene the basin contained a deep lake with anoxic hypolimnetic waters. Pollen 
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assemblages indicate that in local to regional uplands during the Burdigalian-Langhian the 
climate was characterized by a 7–9 month dry season, as inferred from abundant xerophytic 
taxa. Grasses comprise 10%–15% of the pollen spectra, which, together with the xerophytes, 
suggests an open landscape similar to modern warm-steppe or grass-dominated woodland. 
Similar xerophytic pollen assemblages today occur along the coast of the Red Sea, the shores 
of the Arabian Peninsula, and in North Africa. Mean-annual air temperatures were 18–20 °C 
(Jiménez-Moreno et al., 2007). 
Provence Basin 
Two samples come from a ~80 m-long section from the Provence Basin (43° 31 N, 
5° 25 70” W). The core was dated using mammal, palynomorph and gastropod assemblages, 
which indicate that these samples date to the late Chattian (25–27.5 Ma). Sedimentary 
evidence indicates that the deposits were of lacustrine and shallow marine origin and 
preserved in anoxic conditions. The late-Chattian pollen assemblages indicate abundant 
thermophilous plants and a sub-tropical/sub-arid climate. Grasses comprise <10% of the 
pollen spectra. Today similar pollen assemblages occur in tropical-subtropical America, 
Africa, and Asia (Châteauneuf and Nury, 1995). 
Paris Basin 
Two samples come from the Paris Basin: one from the Caillasse d’Orgemont 
formation in the Bois d’Automne quarry (49° 00 N, 2° 51 W) and one from the Mezieres S 
55A well in the Brenne area (46° 44 20” N, 1° 17 70” W) in red clays correlated with upper 
Ludian formation of the Paris basin. Palynomorphs indicate that these samples date to the 
lower Rupelian (32–33 Ma) and Priabonian-Rupelian boundary (33–34 Ma), respectively. 
These lacustrine to shallow marine sediments were preserved in anoxic conditions. Pollen 
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and macrofossils indicate abundant thermophilous taxa and a subtropical climate. Several 
xerophytes in the pollen spectra indicate marked seasonality of precipitation. Grasses 
comprise ~10% of the pollen spectra, typical of modern landscapes in tropical-subtropical 
America, Africa, and Asia (Châteauneuf 1980). 
 
MATERIALS AND METHODS 
We extracted pollen from 10-30 cm3 of sediment using standard techniques 
(including an acid treatment to remove carbonate) modified to exclude carbon-containing 
chemicals (Nelson et al., 2006). Single grains of grass pollen were isolated from the resulting 
pollen-water slurry at 200x magnification on a microscope slide, thoroughly rinsed in nano-
pure water, and transferred to ~0.4 l drops of nano-pure water using a micro-manipulator. 
The grains (and water) were then applied to a SWiM-IRMS using a steel and glass syringe 
(Nelson et al., 2007; 2008). The number of individual grains of grass pollen applied to the 
SWiM device ranged from 139-222 per sample (Supplemental table). 
Following Nelson et al. (2008), blanks (nano-pure water to which single grains of 
grass pollen were added and then removed) were analyzed concomitantly with samples from 
each site. A 2 threshold of blank CO2 yields was used to set the minimum size threshold; 
samples below this threshold were excluded from further analysis. The final 13C data were 
blank corrected using isotopic mass balance. A threshold of 19.2‰ was used to distinguish 
C3- (more negative) from C4-grass pollen (more positive), except that in the present study we 
accounted for variations in the threshold value that likely occurred in response to variations 
in 13C of atmospheric CO2 (13C-CO2) over the Cenozoic (Zachos et al., 2001). Variations 
in 13C-CO2 were estimated by assuming long-term isotopic equilibrium between 13C-CO2 
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and 13C of marine carbonate (13Cmc), and offsets of 7‰ (Mora et al., 1996) and 9‰ 
(Koch et al., 1995) between these pools. The resulting variation in 13C-CO2 was used to 
adjust the 19.2‰ threshold (Fig. 3.2), and to plot errors on estimates of C4-grass pollen 
abundance (Fig. 3.3). Thresholds adjusted using an offset of 7‰ (9‰) between 13C-CO2 
and 13Cmc ranged from 19.1 to 18.4‰ (21.1 to 20.4‰). 
 
RESULTS AND DISCUSSION 
The number of grains of grass pollen applied to the wire with peak areas exceeding 
the 2 range of blanks ranged from 63 to 100 (Supplemental table). An average of 45% of 
applications were above the minimum size threshold for analysis, which is similar to the 
percent (47%) obtained from grass pollen in contemporary lake surface-sediments (Nelson et 
al., 2008). Consistent with our previous studies (Nelson et al., 2007; 2008), the majority 
(79%) of 13C data points (Fig. 3.2) fall within or between the typical range of 13C values 
expected for C3 (33 to 22‰) and C4 (15 to 10‰) plants. Values more negative than -
33‰, or positive than -10‰, likely occur because of poor analytical precision and 
uncertainty in the isotopic composition and variability of the subtracted analytical blanks 
(Nelson et al., 2007). Additionally, samples of pollen from known C3 (Bromus thominii, B. 
viomozorius, and Koeleria capensis) and C4 (Zea mays and Ehrharta erecta var. natalensis) 
grasses that were treated and analyzed concomitant with fossil samples yielded accurate 
classification, on average, 87% of the time for C3 and 88% of the time for C4, when using a 
cutoff threshold of 19.2‰.  
The 13C threshold values modified for variations in 13C-CO2 indicate the sediment 
samples contain 26%–62% C4-grass pollen (Figs. 2-3). Artificial mixtures of 50 grains of 
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grass pollen that authentically contained 0% C4-grass pollen were classified by our methods 
as containing 0%–20% C4 pollen, whereas samples of 100 grains were classified as 0%–15% 
C4 (2, p < 0.05), providing an estimated boundary for the expected rate of false positives 
(Nelson et al., 2007). Assuming the false positive rate is comparable for grains from well-
preserved sediments, the percentages of C4-grass pollen in our samples exceed these 
thresholds. 
Diagenesis could influence the measured 13C values of grass pollen, potentially 
leading to isotopic biases. However, our previous calibration study (Nelson et al., 2008) 
suggests that early diagenesis of pollen does not significantly influence the measured 13C 
values of grass pollen. The false detection rate for Miocene-Oligocene sediments is unlikely 
to be significantly different, because the sporopollenin exine of pollen grains is highly 
resistant to physical and chemical alteration (van Bergen et al., 1993); and although pollen 
grains are susceptible to oxidation, the sediments used in the present study were preserved in 
anoxic conditions. Neither the sediments nor the pollen grains show signs of strong 
diagenetic alteration. Regardless, Jahren (2004) showed that pollen treated with 30% 
hydrogen peroxide for 24 h was <0.5‰ different in 13C than untreated pollen. 
There are possible environmental influences on the threshold value (19.2‰) used to 
distinguish C3 from C4 pollen that exceed the adjustments for variations in 13C-CO2. Large 
changes in pCO2, such as occurred during the Oligocene (Fig. 3.3), might affect the threshold 
by altering the ratio of intercellular to atmospheric CO2 and thus the isotopic composition of 
C3 plants. However, variations in pCO2 over the range that occurred during the Miocene-
Oligocene do not significantly influence plant 13C-values (e.g., Arens et al., 2000). Another 
possible influence is semi-arid climatic conditions in southwestern Europe during the middle 
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Miocene-Oligocene (e.g., Jiménez-Moreno et al., 2007). Under conditions of low water 
availability, 13C values of C3 plants have been observed to shift by up to ~+3‰ (e.g., 
Ehleringer and Cooper, 1988). Thus a threshold 13C-value that does not account for aridity 
could potentially cause misclassification of C3-grass pollen grains as C4. To investigate the 
potential effect of aridity, we shifted the threshold values for distinguishing C3- and C4-grass 
pollen by 3‰ in the positive direction. After this shift, our estimates for C4-grass pollen 
abundance for 5 of the 8 samples, including 3 of the 4 Oligocene samples, remain above a 
conservative analytical error of 20% misclassification (Table B1).  
Because the existence of C4-grass pollen in our samples cannot be explained by 
diagenesis and/or environmental influences on threshold values, our data provide 
unequivocal evidence for C4 grasses in southwestern Europe by the early Oligocene. This 
conclusion is in accord with those from recent molecular results (e.g., Vicentini et al., 2008) 
indicating that C4 grasses originated earlier than has been deduced from previous 
geochemical approaches.  
The likely greater proportions of C4 grasses during the middle Miocene-Oligocene 
than at present in southwestern Europe (Fig. 3.1), implies that temperatures and/or moisture 
availability were otherwise favorable for C4 plants. Consistent with this notion, the closest 
modern analogs of middle Miocene-Oligocene pollen assemblages from southwestern 
Europe are from regions where today C4 grasses dominate grass floras (e.g., northern Egypt 
and the northern Sinai Peninsula) and where climates are warmer and lacking the seasonal 
Mediterranean climates that became established in Europe during the Pliocene (Suc, 1984). 
Consistent with temperatures inferred from pollen assemblages at our sites (e.g. Jiménez-
Moreno et al., 2007), climate reconstructions from central Europe indicate that warm month 
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(i.e. growing season) temperatures remained >25C during the Eocene-middle Miocene 
(Mosbrugger et al., 2005), despite higher mean temperatures during cold months during the 
late Oligocene relative to the early Oligocene. Thus subtropical to warm-temperate 
conditions during the Oligocene through middle Miocene in western Europe may have 
promoted photorespiration in C3 plants and conferred a competitive advantage to C4 grasses 
despite high pCO2. Aridity may also have favored C4 grasses. Vegetation reconstructions at 
our sites suggest semi-arid climates (e.g., Jiménez-Moreno et al., 2007), as does increased 
hypsodonty in the teeth of terrestrial plant-eating mammals after 18 Ma in southwestern 
Europe (Fortelius et al., 2002). 
A recent vegetation-climate modeling study (Lunt et al., 2007) that estimated the 
worldwide distribution of C4 grasses found a high relative extent and abundance of C4 
grasses during the late Oligocene, despite simulated pCO2 up to 838 ppm. The authors 
suggested that the competitive advantage that high temperatures confer to C4 grasses 
outweighs the competitive advantage of high pCO2 for C3 grasses. Our data support this 
conclusion by showing that C4 grasses existed before pCO2 dropped below 800 ppm (Fig. 
3.3).  The evidence refutes the idea that low pCO2 was an important driver and/or 
precondition for development of C4 photosynthesis (e.g. Sage, 2004; Vicentini et al., 2008).  
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FIGURES 
 
Figure 3.1. Sample localities: 1) Rubielos de Mora Basin; 2) Provence Basin; and 3) Paris Basin. 
Shading indicates the modern abundances of C4 grasses in regional grass floras (from Sage et al., 
1999). 
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Figure 3.2. Histograms of δ13C values of the grass pollen samples analyzed for this study. The black 
lines represent the proportion of each sample within 1‰ bins. The vertical dashed lines signify the 
thresholds (TH) for distinguishing C3 from C4 grass pollen using a -8‰ offset between 13CCO2 and 
13Cmc, as described in the text.  
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Figure 3.3. C4-grass pollen abundance as percent of total grass pollen using a -8‰ offset between 
13CCO2 and 13Cmc. The error bars on estimates of C4-grass pollen abundance indicate uncertainty in 
the offset between 13CCO2 and 13Cmc (-7‰ to -9‰, as described in the text). Error bars on ages 
indicate dating uncertainties. Also shown are pCO2 (Pagani et al., 2005, grey curve) and 18O (Zachos 
et al., 2001, black curve) records. The light grey rectangle represents the approximate timing of the 
expansion of C4 grasslands in many regions of the world (Tipple and Pagani, 2007) and the darker 
grey rectangle represents the molecular clock range for C4-grass origination (Christin et al., 2008; 
Vicentini et al., 2008). 
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CHAPTER 4:  
CARBON ISOTOPE ANALYSIS REVEALS RELATIVELY HIGH ABUNDANCE OF 
C4 GRASSES DURING THE EARLY-MIDDLE MIOCENE IN SOUTHWESTERN 
EUROPE 
 
ABSTRACT 
Before their rapid expansion during the late Miocene, C4 plants are generally 
uncommon or absent from most grasslands. Recent studies have furthered our understanding 
of shifts in C4 abundance prior to the late-Miocene expansion; however, the early history of 
C4 grasses remains poorly constrained. Distinguishing C4-grasses from other C3 taxa (i.e., 
most trees, shrubs, herbs, and about half of all grasses) using isotopic data in the paleorecord 
is challenging, especially when C4 plants are in relatively low abundance. We used SPIRAL 
(Single Pollen Isotope Ratio AnaLysis) to measure 13C values of individual grass pollen 
grains from early to middle Miocene sediments from several sites in Spain where grass 
pollen represents 5-20% of the pollen assemblages, including 25 samples from Rubielos de 
Mora, (20.4 - 15.5 Ma), seven from Gor (16.3 - 13.7 Ma) and seven from Andalucia A1 (14 - 
10 Ma). SPIRAL data indicate that C4-grass abundance varied between 21 and 72% of total 
grasses, with the older northern site (Rubielos de Mora) having lower C4-grass abundance 
(average of 39%) than the younger and southern sites (average of 62%). The relatively high 
proportions of C4 grasses during the early and middle Miocene likely resulted from warm and 
dry climates, with generally higher temperatures and less moisture availability in the south 
where C4-grass abundance was generally higher. C4 grasses are uncommon (10-20% of the 
grass flora) in this region today, and C4-grass abundance likely decreased after the 
early/middle Miocene as the region became cooler and precipitation patterns more seasonal. 
This pattern in southwestern Europe contrasts with the late-Miocene expansion of C4 grasses 
in many other regions of the world.  
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INTRODUCTION 
C4 grasses account for ~25% of global terrestrial primary productivity and represent 
important crops and biofuels, despite comprising <3% of the number of species of 
angiosperms (Sage, 2004; Tipple et al., 2010). Recent syntheses of paleorecords indicate a 
Paleogene origin of grasses and a subsequent late Miocene-early Pliocene expansion of C4 
grass-dominated grasslands at the expense of C3 grass-dominated grasslands in many parts of 
the world (Edwards et al., 2010; Strömberg, 2011). Prior to this expansion, C4 plants were 
present during the early-to-middle Miocene in various regions, such as the Great Plains of 
North America (Strömberg and McInerney, 2011; Cotton and Sheldon, 2012), Kenya (e.g., 
Levin et al., 2004; Feakins et al., 2005) and Pakistan (e.g., Behrensmeyer et al., 2007; Sanyal 
et al., 2010). In other places, such as Argentina (Kleinert and Strecker, 2001) and central 
China (Passey et al., 2009), there is little evidence of C4 plants prior to the late Miocene. A 
general consensus has emerged that C4 plants were uncommon or absent from grasslands 
prior to their rapid expansion during the late Miocene/early Pliocene (e.g., Edwards et al., 
2010; Strömberg, 2011). However, data are inadequate to decipher the geographic patterns of 
early C4-grass distribution, and the history of C4 grasses prior to the late Miocene remains 
poorly constrained.  
A primary challenge is that it is difficult to assess the presence and abundance of C4 
grasses in the paleorecord, particularly when they are at low abundance. For example, 
standard palynological approaches cannot be used to distinguish pollen of C3 versus C4 
grasses (Fægri et al., 1989). Furthermore, because the C3 and C4 photosynthetic pathways are 
used by taxa besides grasses, it is difficult to use δ13C data from substrates such carbonates, 
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teeth, and leaf waxes to assess the presence and abundance of C4 grasses when they are 
uncommon on the landscape (Cerling et al., 1999).  
One region where the early history of C4 grasses is particularly uncertain is western 
Eurasia. Grassland ecosystems have been a component of the regional landscape since the 
early Eocene (Jacobs et al., 1999; Kovar-eder et al., 2008), but C4 grasses are not thought to 
have ever been abundant in the region. Today only 10-20% of the grasses in the region use 
C4 photosynthesis (Sage, 1999), and existing δ13C analyses of fossil soils and teeth from that 
region suggest that C3 plants were dominant throughout the Miocene (Strömberg, 2011). 
However, the closest modern analogs to pollen-inferred vegetation in Spain during the early 
to middle Miocene are from semi-arid regions of Eastern Mediterranean and North Africa 
(e.g., Jiménez-Moreno and Suc, 2007; Jiménez-Moreno et al., 2010) where today C4 grasses 
dominate over C3 grasses. Thus, conditions may have been suitable for C4 grasses during the 
early-middle Miocene. A recent study (Urban et al., 2010) provided grass-pollen δ13C 
evidence from four samples at a single site in northeastern Spain that C4 grasses were present 
in the region during the early/middle Miocene. However, the limited temporal span (19-15 
Ma) and small sample size of that study prevent a robust understanding of the early history of 
C4 grasses in the region. 
We measured the isotopic composition of individual grass pollen grains from 39 
samples from three sites in Spain that span the early to middle Miocene (20.5 to 10.3 Ma). 
The δ13C data were analyzed using a hierarchical Bayesian model, which provides a 
statistically rigorous assessment of both the presence and abundance of C4 grasses on the 
landscape (Urban et al., 2013). The study sites have well-constrained age control and pollen-
based climatic histories, providing a context for evaluating the environmental conditions 
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under which C4 grasses existed during the early to middle Miocene. Our study thus 
contributes to understanding the patterns and drivers of C4 grassland expansion.  
 
MATERIALS AND METHODS 
Study Sites and environmental context 
Sediment samples were collected from three sites for this study. We obtained 25 
samples from a 320 m-long core in the Rubielos de Mora basin (Figure 1, 40.1830078 N, -
0.657257 W) in northeastern Spain. Biostratigraphic and magnetostratigraphic markers 
indicate that these samples date to the Burdigalian-Langhian (22.2 - 16.4 Ma; Jiménez-
Moreno et al., 2007a; 2007b). During the early Miocene, the basin contained a relatively 
deep lake with anoxic hypolimnetic waters (Anadón et al., 1988). We also obtained seven 
sediment samples from an exposed stratigraphic section near the town of Gor, Granada 
(37.425879 N, -3.054695 W) in southeastern Spain. Biostratigraphic markers indicate the 
Gor samples date to the Langhian (15 - 13 Ma; Marín-Pérez and Viseras, 1994). Finally, we 
obtained seven samples from the ~3000 m-long Andalucía A1 core in the Alborán basin of 
the Mediterranean Sea off the coast of southern Spain, ~95 km southwest of Gor (Figure 1, 
36.6011119 N, -2.840311 W). Biostratigraphic data indicate that these samples date to the 
Serravallian-Tortonian (13.5 - 10.0 Ma; Rodríguez-Fernández et al., 1999).  
The modern distribution of vegetation in Western Europe is primarily controlled by 
climatic variations associated with latitude, altitude, and proximity to coastal areas (Quézel 
and Médail, 2003). Mixed Mediterranean open sclerophyllous-pine forest, shrublands, and 
grasslands are mostly found along the coast, interior and in eastern Spain (Rivas-Martínez, 
1987). The north and northwestern Iberian Peninsula consists of a mosaic of mixed 
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deciduous and coniferous forests interspaced with open steppe-grassy environments. 
Presently C4 grasses consist of 10-20% of total grasses on the Iberian Peninsula (Sage et al., 
1999). The region exhibits a distinct latitudinal gradient of climate with higher temperatures 
and more severe summer droughts (typically Mediterranean climate) in the south 
transitioning to cooler and wetter conditions in the north. Based on pollen-assemblage data 
(Jiménez-Moreno and Suc, 2007; Jiménez-Moreno et al., 2010), these north-south differences 
in climate were more pronounced during the early Miocene than today.  
At Rubielos de Mora (Fig. 4.1), pollen-assemblage data suggest a strong control of 
local water availability on vegetation composition during the Burdigalian-Langhian (15.5-
20.4 Ma). Hygrophilous or riparian taxa suggest the presence of wetlands around the lake. In 
the uplands, conditions were dry, with a dry season of approximately 7–9 months, as inferred 
from the relatively high abundance of xerophytes. Mean annual precipitation, as inferred 
from the pollen spectra, was ~900-1700 mm. Grasses comprise 5-18% of terrestrial pollen 
abundance and, together with the xerophytes, suggest an open landscape similar to modern 
warm-steppe or grass-dominated woodland (Fig. 4.1, Jiménez-Moreno et al., 2007b; 2010). 
Temperatures were subtropical; mean-annual air temperatures were 17-21 °C based on 
estimates derived from the abundances of thermophilous taxa (Jiménez-Moreno et al., 2007b; 
Jiménez-Moreno and Suc, 2007). 
Pollen-assemblage data from Andalucía A1 and Gor (Fig. 4.1) indicate that herbs and 
shrubs dominated plant communities on the southern Iberian Peninsula, with grasses 
comprising 8-20% of terrestrial pollen abundance. Mean annual precipitation, as inferred 
from the pollen spectra, was ~740 mm during the middle Miocene (i.e., lower than at 
Rubielos de Mora). Xerophytic subdesertic elements are more common at both localities 
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indicating warm and dry conditions similar to the hyper-arid conditions that occur today in 
North Africa (Jiménez-Moreno et al., 2010). As in the northern Iberian Peninsula, the high 
percentages of xerophytes and herbs are representative of warm-steppe or grass-dominated 
woodlands. Similar xerophytic pollen assemblages occur in Africa today around the Red Sea, 
along the shores of the Arabian Peninsula, and in Northern Africa where >60% of grasses are 
C4 (Figure 1c, Jiménez-Moreno et al., 2007b; 2010). Based on thermophilous taxa, 
temperatures in southern Spain during the middle Miocene were similar to those found at 
Rubielos de Mora  (17-25°C; Jiménez-Moreno et al., 2010)) during the early Miocene.   
 
Sample treatment, 13C analysis, and statistical model 
Carbon-isotope analysis of individual grass-pollen grains followed the protocol 
described in Nelson et al. (2006, 2008). We extracted pollen from sediment samples (~10-30 
cm3 each) from Rubielos de Mora (25 samples), Gor (7 samples), and Andalucía A1 (7 
samples) following standard protocols (Fægri et al., 1989) modified to exclude carbon-
containing compounds (Nelson et al., 2006; 2008). An Eppendorf Transferman 
micromanipulation device was used to isolate grass pollen from a pollen-water slurry at 200x 
magnification. Single grains of pollen were transferred via ~0.4 μL drops of nano-pure water 
and applied to a spooling wire microcombustion (SWiM) device interfaced with a Thermo-
Finnigan Delta V isotope ratio mass spectrometer using a glass syringe. The total number of 
individual grains of grass pollen applied to the SWiM device ranged from 109 to 222 per 
sample. A 2 threshold of blank CO2 yields was used as a minimum size threshold; samples 
below this threshold were considered unreliable and excluded from further analysis. The final 
13C data were blank-corrected using isotopic mass balance and normalized to VPDB.  
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The 13C of atmospheric CO2 (13CCO2) was thought to vary between -6.0 and -5.2‰ 
during the early-middle Miocene based on benthic foraminifera 13C data (Tipple et al., 
2010). The age-control at Rubielos de Mora is robust, and thus 13CCO2 values were 
determined for each sample from Rubielos de Mora. The Gor and Andalucía A1 samples lack 
precise ages. To estimate 13CCO2 values for Gor and Andalucía A1 samples, we calculated 
the midpoint between the minimum and maximum potential 13CCO2 values. We then 
adjusted the 13C value of each grass pollen grain to a pre-industrial 13CCO2 of  -6.3‰ prior 
to statistical analysis. All 13C data were incorporated into a hierarchical Bayesian model, 
trained with 1,921 13C values from 31 different grass species known to be either C3 or C4, to 
estimate the relative abundance of C3- and C4-grass pollen in each sample (Urban et al., 
2013). We consider the null hypothesis that a sample contains pollen from only C3 grasses, 
and we evaluate this hypothesis in terms of the posterior probability of a C3-only model 
[P(C3-only)]. We reject the null hypothesis if P(C3-only) is >0.05.  
 
RESULTS AND DISCUSSION 
The number of grass pollen grains applied to the spooling wire with peak areas 
exceeding the 2σ threshold of the blank CO2 yields varies between 57 and 112 (Table 1). On 
average, 48% of applications yield a peak area above the blank threshold, and 74.5% of the 
pollen 13C values fall within or between known 13C ranges for C3 (-34‰ to -22‰) and C4 
(-15‰ to -10‰) plants (Cerling, 1999). These results are comparable to previous studies 
using Single Pollen Isotope Ratio AnaLysis, SPIRAL (e.g., Nelson et al., 2007; Urban et al., 
2010). Values more negative than -34‰ or more positive than -10‰ likely indicate 
inadequate analytical precision and uncertainty in the isotopic composition and variability of 
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analytical blanks (Nelson et al., 2007). 
Our hierarchical Bayesian approach can reliably detect the presence and abundance of 
C4-grass pollen in unknown pollen samples (Urban et al., 2013). Based on our analysis of 
grass-pollen 13C values with the Bayesian model, estimates of P(C3-only) range between 0.0 
and 0.015 (Table 1). These values are well below the 0.05 level required to reject the C3-only 
hypothesis. All estimates of P(C4-only) were 0.0, indicating that none of our samples 
contained exclusively C4-grass pollen. Thus all samples unequivocally contain a mixture of 
C3-and C4-grass pollen grains. Our grass-pollen 13C data further indicate that C4-grass 
abundances range from 21-56% (average= 39%) at Rubielos de Mora, 50-72% at Gor 
(average = 60%), and 50-71% (average= 64%) at Andalucia A1 (Figure 2B, Table 1).  
We considered potential factors that could bias our estimates of C4 grass abundance. 
Diagenesis could potentially influence the measured 13C values of grass pollen. However, 
the sediments of our study were preserved under anoxic conditions, and the morphology of 
the grass pollen shows no signs of strong diagenetic alteration. In fact, a majority of the 
samples contained well-preserved plant cuticle, which is less resilient than the sporopollenin 
exine of pollen grains to degradation (van Bergen et al., 1993). Furthermore, a previous study 
by Nelson et al. (2008) using lake surface sediments suggested that the initial stages of 
diagenesis of pollen do not significantly affect the 13C values of grass pollen. Thus, we 
conclude that diagenesis has not altered the 13C values of our samples.  
Under conditions of low water availability, such as may have occurred during the 
Miocene in southern Spain, 13C values of C3 plants often become more positive (e.g., 
Ehleringer and Cooper, 1988), which could lead to the misclassification of C3-grass pollen as 
C4. To explore the potential effect of aridity, we shifted the mean 13C value of C3 grasses in 
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our Bayesian model by up to +3‰. With this shift, C4-grass abundance estimates declined by 
an average of 13% (Table 1). However, the P(C3-only) of 33 of our 39 samples remained 
<0.05, suggesting that C4-grass pollen exists in most of these samples. Thus, our results are 
robust to the potential effect of aridity.  
Large shifts in pCO2 could also affect the difference between intercellular and 
atmospheric pCO2 (Ci/Ca), and thus 13C values of C3 plants (e.g., Ehleringer et al., 1997; 
Schubert and Jahren, 2012). During the early-middle Miocene, however, pCO2 values were 
~200-310 ppm (Pagani et al., 2005), which is within the historical range of pCO2 represented 
by our herbarium-based training data. Thus it is unlikely that shifts in pCO2 affected our 
estimates of C4-grass abundance.  
Overall, our data indicate the presence of C4 grasses in Spain during the early and 
middle Miocene, as well as variation in C4-grass abundance across sites at different periods 
of time. A limitation of these data is that they are not from a single location through time, 
which makes it challenging to attribute spatiotemporal variation in C4-grass abundance to 
specific environmental factors. One of the most striking patterns is the contrast in C4-grass 
abundance between Rubielos de Mora in northeastern Spain (20.5-15.5 Ma) and Gor (16.3-
13.7 Ma) and Andalucía A1 (14-10.1 Ma) in southern Spain (Fig. 4.2b). On average, samples 
from the southern sites have ~21% greater C4-grass abundance than Rubielos de Mora. The 
early- and early-middle Miocene (Burdigalian-Langhian; Rubielos de Mora) climate of Spain 
was generally warmer and drier than the late-middle and late Miocene (Serravallian-
Tortonian; Gor and Andalucía A1) (Sanz de Diria Catalan, 1993; Jiménez-Moreno et al., 
2010). This temporal trend should have led to greater abundance of C4 grasses at Rubielos de 
Mora than at Gor and Andalucía A1, given the age differences among the samples from these 
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sites. However, our data show the opposite pattern.  
Southern Spain was significantly drier than northern Spain throughout the Miocene. 
Evidence includes the greater abundance of several xerophyte taxa (e.g., Acacia, Prosopis, 
Calligonum, Lygeum, Neurada, Nitraria, Caesalpiniaceae, Ephedra and Convolvulaceae) 
and the lower abundance of temperate/mesothermic taxa (e.g., Quercus, Carya, and Zelkova) 
in the pollen records of southern than northern Spain (Fig 2a; Jiménez-Moreno et al., 2007b; 
2010). Pollen-based estimates of mean annual precipitation (MAP) were also significantly 
lower in southern than northern Spain (Jiménez-Moreno et al., 2010). Thus latitudinal 
climate gradients across the region (see Jiménez-Moreno and Suc, 2007) likely resulted in the 
greater C4 abundance in our samples from southern than northern Spain.   
The differences in C4-grass abundance across our three sites may have been further 
accentuated by relatively high local availability of water at Rubielos de Mora. The site was a 
large lake throughout much of the early-to-middle Miocene (Jiménez-Moreno et al., 2005; 
2007a and 2007b), which provided extensive habitats for mesic vegetation (perhaps including 
C3 grasses) around its margins, as evidenced by an abundance of temperate taxa with high 
water requirements (e.g., Engelhardia, Platycarya, Rubiaceae, Hamamelidaceae, Myrica; 
mesothermic elements in Fig. 4.2a). The subdesertic plants in the same pollen assemblages 
were likely located outside of the riparian area occupied by mesic taxa. Such juxtapositions 
of xerophytic and mesophytic vegetation assemblages are common in subtropical and 
tropical basins in Africa today (e.g. Lake Tanganyika; Tierney et al., 2010).  
The influence of local moisture availability on C4-grass abundance is also suggested 
by temporal variations in C4 abundance at Rubielos de Mora. Vegetation-based climate and 
lithology at this site suggest that the area was locally drier prior to 16.5 Ma (Jiménez -
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Moreno et al., 2007b), when C4 grass percentages were relatively high (mean = 43 %). 
Around 16.5 Ma, the lake transitioned from a shallow lacustrine-distal alluvial fan to a deep 
anoxic lake, as indicated by a facies shift to highly organic massive-laminated clays, and taxa 
with high moisture requirements increased in the pollen assemblages (Fig. 4.2). 
Corresponding to these changes, C4-grass abundance was generally lower after 16.5 Ma than 
before (mean = 37%), suggesting that increased local water availability reduced C4-grass 
abundance after 16.5 Ma at Rubielos de Mora.  
The presence of a significant proportion of C4 grasses on the Iberian Peninsula during 
the early to middle Miocene provides new information on the development of grasslands in 
Europe. Grasses have been a component of the European landscape since the Eocene 
(Strömberg, 2011), and C4 grasses have been present since at least the late Oligocene (Urban 
et al., 2010). Our data suggest that semi-arid conditions in a sub-tropical to warm-
temperature climate during the late Oligocene to middle Miocene (Mosbrugger et al., 2005; 
Jiménez-Moreno et al., 2010) likely promoted photorespiration in C3 plants and conferred a 
competitive advantage to C4 grasses in relatively open areas of southwestern Europe. After 
the middle-Miocene Climatic Optimum (17 –15 Ma), temperatures in western Europe began 
to decline steadily (Bessedik, 1985; Jiménez-Moreno et al., 2005; 2010). Regional cooling 
was accompanied with a general decrease in thermophilous taxa and a change from mostly 
evergreen towards deciduous mesophilic taxa (Quercus, Fagus, Alnus, Acer), especially in 
northern Spain (Pinilla and Bustillo 1997, Barrón et al. 2006). Subdesertic elements still 
persist in southern Spain indicating it remained relatively dry, although today these taxa do 
not exist in the quantities that they did during the Miocene (Jiménez-Moreno et al., 2010). By 
the early Pliocene almost all thermophilous taxa disappeared even in southern Spain, as a 
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response to further cooling and a shift of precipitation to primarily cool winter months (i.e., 
typically Mediterranean). C4 grasses generally prefer seasonal climates where precipitation 
falls mostly during warm weather months (Sage 1999). With regional cooling and the 
stabilization of Mediterranean type seasonality in Middle Pliocene (~3.3 Ma), a threshold 
was likely crossed where C3 grasses achieved a competitive advantage over C4, leading to the 
low levels (<20% C4) of C4 grasses on the modern landscape.  
Our results show that C4 grasses, which are uncommon on the modern landscapes of 
Western Europe (Fig. 4.1; 10-20%; Sage, 1999), were present in greater abundance (21-72%) 
throughout the early to middle Miocene (Fig. 4.2b). Although grasses were relatively rare (5-
20% of pollen assemblages) during that period in Spain, a significant portion of them used C4 
photosynthesis. In most other regions of the world, C4 grasses were thought to be absent or 
uncommon during the early to middle Miocene and then greatly increase in abundance 
during the late Miocene and Pliocene (e.g., Fox and Koch, 2003; McInerney and Strömberg, 
2011; Strömberg and McInerney, 2011). Although we lack a continuous record of C4 grasses 
from the early Miocene-present at our sites, C4 grasses abundance decreased sometime 
between 10 Ma (the end of our record) and today in Spain. This pattern stands in contrast 
with the late-Miocene expansion of C4 grasslands in other parts of the world. Thus our data 
suggest that regions with low modern abundance of C4 grasses may have experienced a 
greater abundance in the past when environmental conditions were presumably more suitable 
than at present. These data contribute to our understanding of the spatiotemporal patterns and 
environmental controls of C4 grassland expansion in earth's history. 
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FIGURES 
 
Figure 4.1: Locations of sample sites (RdM: Rubielos de Mora; AndA1: Andalucia A1; Gor: Gor) in 
Europe and surrounding regions, with shading indicating the modern abundances of C4 grasses in 
grass floras (from Sage et al. 1999).  
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Figure 4.2: Synthetic pollen diagrams for Rubielos de Mora, Anadalucia A1 and Gor localities (A) 
and C4-grass pollen abundance from these localities (B). The taxa have been grouped according to 
their ecological affinity, following Jiménez-Moreno et al. (2007a, 2010). 
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CHAPTER 5:  
CONCLUSION 
 
 
The grassland biome covers over 30% of the planet’s terrestrial surface and strongly 
influences global biogeochemical processes. Understanding the factors that control the 
distribution and abundance of C3 versus C4 plants in grassland ecosystems is critical for 
anticipating how future changes in climate and atmospheric chemistry will impact this 
biome. However, the relative importance of climate, fire, and atmospheric CO2 on grassland 
vegetation composition is uncertain because C3 and C4 plants respond differently to these 
forcing mechanisms, and modern ecosystems only provide a snapshot of vegetation-
environment interactions. High-quality paleorecords can offer valuable insight into the 
controls on C4 grass distribution under changing environmental conditions. However, 
identifying and measuring the abundance of C4 grasses in the geologic record is challenging, 
particularly when C4 grasses are a minor component of the landscape. For my dissertation 
research, I used a novel geochemical technique, Single Pollen Isotope Ratio AnaLysis 
(SPIRAL), to overcome previous methodological limitations and answer questions about the 
early history of C4 grasses. 
My research improved upon the SPIRAL technique by expanding the validation and 
reference data sets, and by developing a hierarchical Bayesian model for assessing the 
provenance of individual pollen grains based on δ13C values.  The Bayesian model provided 
more accurate estimates of C4 grass abundance on the landscape while also providing 
probability estimates to facilitate hypothesis testing (e.g., What is the probability that C4 
grass was present on the landscape?).  Using the improved model, I was able to expand our 
knowledge of early C4 grass history in Western Europe, a region where C4 grasses are not 
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common today. C4 grasses were present by at least the Early Oligocene in France, during a 
period of incredibly high atmospheric pCO2 levels. This evidence strongly suggests that 
atmospheric pCO2 was not an important driver or precondition for the development of C4 
photosynthesis. Furthermore, C4 grasses were relatively abundant (21-72 % of total grasses) 
up until at least the Middle Miocene in Spain. My three sites on the Iberian Peninsula show 
not only high C4 grass abundance, but also regional differences in abundance along a 
latitudinal climate gradient in the region during the Miocene. The arid southern sites had a 
significantly higher percentage of C4 grasses than the relatively wetter northern site. Most 
interestingly, the pattern of C4 grass expansion in Western Europe, with 40-70% C4 grasses 
during the Miocene decreasing to 10-20% of total grasses today, contrasts greatly with the 
pattern of increasing C4 grass abundance through time in other regions of the world. These 
lines of evidence illustrate the importance of regional climate controls on C4 grass abundance 
throughout Earth’s history. 
My research demonstrates that SPIRAL can overcome the methodological limitations 
of traditional geochemical proxies and is a powerful tool for investigating the early history of 
C4 grasses. This dissertation provides a more nuanced view of the spatiotemporal patterns of 
C4 grass expansion. It also provides evidence that local environmental controls, rather than 
global pCO2, facilitated their origin and expansion. My work only scratches the surface of 
what is possible with applying the SPIRAL technique to both ecological and evolutionary 
questions. For example, the CAM pathway is thought to be more ancient than the C4 
pathway. CAM plants have a similar isotopic signal to C4 grasses, which has precluded the 
use of bulk isotopic methods for distinguishing them in the geologic record.  However, CAM 
pollen could potentially be detected with SPIRAL in paleorecords from arid environments. 
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Furthermore, this technique could be used to identify the earliest terrestrial plants, because 
spores from early Ordovician plants likely have a distinct isotopic signature depending on 
whether they photosynthesized in aquatic versus terrestrial settings. The application of 
SPIRAL in my research is potentially a precursor to research aimed at answering 
fundamental questions about the origin of modern plants.    
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APPENDIX A:  
SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
 
 
 
Figure A.1: Histograms of pollen 13C data from the surface sediments of sites in Africa. Numbers in 
parentheses are the posterior median % C4. 
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Figure A.2: Histograms of pollen 13C data from the surface sediments of sites in Australia. Numbers 
in parentheses are the posterior median % C4.  
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Table A.1: δ13C data (corrected for changes in δ13C of atmospheric CO2) for herbarium samples used 
to train the Bayesian model. 
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Table A.2: Information about sites and grass-pollen δ13C data for each site as estimated by the 
Bayesian model. % C4 model was estimated using the posterior median % C4. Numbers in  
parentheses are the 95% credible intervals (CI). 
 
 
 71 
 
 
 72 
 
APPENDIX B:  
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